Introduction {#Sec1}
============

Charnley low-friction arthroplasty is the gold standard for cemented hip replacement \[[@CR1]\]. Several authors have reported favorable long-term results of Charnley total hip arthroplasty over 30 years of follow-up \[[@CR2]--[@CR4]\]. The quality of the cementing is as essential to the success of the procedure as the principle of implant design. Cementing techniques have evolved with time, and so the purpose of this study was to review the radiologic outcome of Charnley total hip arthroplasty using improved cementing techniques and to confirm the effects of modified third-generation techniques.

Materials and methods {#Sec2}
=====================

We reviewed the outcomes of 91 primary total hip arthroplasties in which the Charnley prosthesis and improved cementing techniques were used in 87 patients with a diagnosis of hip osteoarthritis. The total hip arthroplasties were performed by multiple surgeons, and details of the surgical procedures and implants were identified in the surgical records. From among 132 Charnley total hip arthroplasties performed between July 1983 and March 1995, the surgical techniques could not be identified for 27 hips, and 6 patients (6 hips) died before 10 years follow-up, and another 42 hips were lost to follow-up at 10 years. Thus, 57 hips were selected on the basis of the requirements that so-called second-generation techniques were used and there was a minimum follow-up duration of 10 years. The average age of the patients at surgery was 64.9 years (range 52--78 years), and the average duration of follow-up was 14.5 years (range 10--21 years). Among 45 Charnley total hip arthroplasties performed between December 1998 and March 2001, 11 hips were lost to follow-up at 5 years. Thus, 34 hips were selected on the basis of the requirements that modified third-generation techniques were used and there was a minimum follow-up duration of 5 years. The average age of the patients at surgery was 66.8 years (range 51--85 years), and the average duration of follow-up was 8.4 years (range 5--11 years).

Operative techniques {#Sec3}
--------------------

In all patients, Charnley prostheses (22 mm metal head, ultra-high molecular weight polyethylene) were implanted using Simplex P cement via a posterior approach. Our second-generation techniques included the preparation of multiple anchor holes, the use of a rotary brush, jet lavage, the double-cementing method, and placement of a Charnley unflanged socket in the acetabular side. The acetabulum was usually reamed through the subchondral bone plate, and the preserved subchondral bone at the periphery and/or eburnated bone at the roof were treated to be as rough as possible. The double-cementing method meant that 50% less cement in a relatively low viscosity stage could be finger-packed into the acetabulum with multiple anchor holes, mainly in the peripheral area for cement penetration as the first step. Then in the second step, the remaining 50% of the cement in a relatively high viscosity stage was placed on top as the filler just before socket insertion. For the femoral side, the preparation involved a rotary reamer, rotary brush, jet lavage, an intramedullary plug, and retrograde filling with a cement gun, and a Charnley flanged stem was used (Fig. [1](#Fig1){ref-type="fig"}a). Our third-generation techniques included preparation with an H~2~O~2~-impregnated sponge and improvements such as cement pressurization and vacuum mixing as additions to the second-generation techniques. Third-generation techniques included use of the Exeter-type balloon pressurizer after the first step of the double-cementing method, and the Charnley flanged socket in the acetabular side. The femoral seal was placed over the proximal opening during pressurization after retrograde filling in the femoral side. The Charnley flanged stem was used in 6 hips while the Charnley Elite Plus stem was used in 28 hips (Fig. [1](#Fig1){ref-type="fig"}b).Fig. 1**a** Second-generation techniques, **b** third-generation techniques

Radiographic method {#Sec4}
-------------------

Kaplan--Meier survival analysis was performed with aseptic loosening and revision for aseptic loosening as end points. Loosening was defined as the migration or presence of a continuous clear zone at the bone--cement interface, using the modified criteria of Hodgkinson et al. \[[@CR5]\] for the socket and Harris et al. \[[@CR6]\] for the stem. The clear zone referred to radiolucency with the reactive line of the bone sclerosis. We devised a clear zone scoring system (CZ score) in 1993 and have used it to evaluate the quality of the cement--bone interface. To score the cement--bone interface, the acetabulum was divided into 12 areas and the femur was divided into 18 areas. The CZ score represents the sum of points according to the width of the clear zone in each area. For example, a continuous clear zone of width 1 mm showed 24 points in the acetabular side and 36 points in the femoral side (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Clear zone scoring system (CZ score): to score the bone--cement interface, the acetabulum was divided into 12 areas, and the femur was divided into 18 areas. CZ score represents the sum of points according to the width of the clear zone (*CZ*) in each area

Statistical analysis was performed using the Mann--Whitney *U* test (StatView version 5.0 software), and the survival rates were compared using the logrank test (SPSS 15.0J software). Differences with a *P* value \<0.05 were considered significantly significant.

This study was approved by the Institutional Review Board of Aichi Medical University.

Results {#Sec5}
=======

Seven acetabular components and three femoral components were judged to have undergone aseptic loosening in the second-generation group. The survival rates at 20 years were 88.7 ± 4.4% of the acetabular component and 94.0 ± 3.5% of the femoral component with aseptic loosening as the end point (Fig. [3](#Fig3){ref-type="fig"}); the survival rates at 10 years were 90.8 ± 3.9 and 96.5 ± 2.4%, respectively, in the second-generation group. Only one acetabular component was judged to have undergone aseptic loosening in the third-generation group, and the survival rates at 10 years were 97.1 ± 2.9% of the acetabular component and 100% of the femoral component with aseptic loosening as the end point (Fig. [4](#Fig4){ref-type="fig"}). There was no significant difference in survival rates at 10 years between the two generation groups.Fig. 3Survival curves of acetabular and femoral components in second-generation techniques with aseptic loosening as the end pointFig. 4Survival curves of acetabular and femoral components in third-generation techniques with aseptic loosening as the end point

Two acetabular components and one femoral component required revision for aseptic loosening, and one stable stem was exchanged at the time of acetabular revision using a cement-within-cement technique with ultrasonic tools \[[@CR7], [@CR8]\] in the second-generation group. The survival rates at 20 years were 93.0 ± 5.3% of the acetabular component and 98.2 ± 1.8% of the femoral component, with revision for aseptic loosening as the end point (Fig. [5](#Fig5){ref-type="fig"}). None of the components required revision because of aseptic loosening in the third-generation group.Fig. 5Survival curves of acetabular and femoral components in second-generation techniques with revision as the end point

The average CZ scores at 5 years were 9.3 ± 5.6 points for loosened sockets and 2.4 ± 2.2 points for stable sockets, and 11.7 ± 16.9 for loosened stems and 0.4 ± 1.3 points for stable stems, revealing a significant difference between loosened sockets and stable sockets (Fig. [6](#Fig6){ref-type="fig"}). The average CZ scores at 5 years were 3.9 ± 3.3 points for sockets with second-generation techniques and 1.4 ± 2.4 points for sockets with third-generation techniques, and 1.2 ± 4.3 points for stems with second-generation techniques and 0.03 ± 0.2 points for stems with third-generation techniques. The CZ scores showed a significant difference between the generations for the sockets. The CZ score was very low when using stems with the third-generation techniques, but the difference between generations was not significant (Fig. [7](#Fig7){ref-type="fig"}).Fig. 6Comparison of loosened and stable component with CZ score at 5 years after total hip arthroplasty (THA) (\**P* \< 0.05 significant difference)Fig. 7Comparison of second- and third-generation techniques groups with CZ scores at 5 years after THA (\**P* \< 0.05 significant difference)

Discussion {#Sec6}
==========

The evolution of femoral cementing techniques is conventionally described in terms of generations \[[@CR9], [@CR10]\]. First-generation techniques involved finger-packing cement into an unplugged canal. Second-generation techniques involved plugging the medullary canal, cleaning the canal with pulsatile lavage, and using a retrograde cement gun. Third-generation techniques involved reduction of cement porosity and pressurization of cement as additions to the second-generation techniques. In contrast to these femoral cementing techniques, the techniques for acetabular cementing have not been clearly classified into generations.

Clinical results have been described in the literature for improved cementing techniques. Smith et al. \[[@CR11]\] reported a survival rate of 88% at 18 years, and Buckwalter et al. \[[@CR12]\] reported a survival rate of 80% over 25 years with revision of the femoral component for aseptic loosening defined as the end point in second-generation techniques. Williams et al. \[[@CR13]\] reported a survival rate of 100% at 12 years with revision of the femoral component for aseptic loosening as the end point with the use of a polished tapered stem and so-called contemporary cementing techniques. Rasquinha et al. \[[@CR14]\] reported a survival rate of 100% at 15 years with revision of the femoral component for aseptic loosening as the end point in the third-generation techniques. de Jong et al. \[[@CR15]\] reported a survival rate of 99% at 20 years using revision of the acetabular component for aseptic loosening as the end point, with reaming to the depth of the subchondral layer, making 6--8 multiple anchorage holes, and impaction of cancellous bone into the holes as second-generation techniques. In our series, the survival rates of second- and third-generation groups were comparable to those of the abovementioned studies.

Our study has two limitations. First, although it would have been preferable for comparative purposes to use the same stem in all cases, 6 Charnley flanged stems and 28 Charnley Elite Plus stems were used in the third-generation techniques. The Charnley Elite Plus stem was developed by preserving the major features of the Charnley flanged stem \[[@CR16]\], and Kalairajah et al. \[[@CR16]\] and Kim et al. \[[@CR17]\] found outcomes with the Charnley Elite Plus stem to be similar to those with the conventional Charnley stem. With this in mind, we decided to adopt the Charnley Elite Plus stem as the main prosthesis in this series.

Second, the follow-up period was too different for the two generation groups in the present study to allow a comparison of long-term outcome. Hence, we adopted the CZ score to predict the prognosis. Ranawat et al. \[[@CR18]\] and Flivik et al. \[[@CR19]\] have shown that early findings of a radiolucent line on the cement--bone interface can predict the longevity of a cemented cup with high accuracy. Our study also showed that the CZ scores of the loosened cups were significantly greater than those of the stable cups at 5 years. In addition, the CZ scores at 5 years decreased significantly for the cup and showed very few points for the stem in the third-generation group. Accordingly, we consider that the third-generation techniques will provide excellent long-term outcome, and the long-term effects of third-generation techniques in the acetabular side especially may surpass those of second-generation techniques.

While the mid-term results for the third-generation group improved substantially with better cementing, a continuous clear zone at the cement--bone interface was seen in only one cup with the third-generation techniques. A reason for this may be poor cement penetration into the bone because of retention of the subchondral bone plate. The radiographs showed that the clear zone had progressed to all areas at 4 years after surgery in case (a) with wide retention of the subchondral bone plate, and no clear zone was apparent at 4 years postoperatively in case (b) with the removal of the subchondral bone plate (Fig. [8](#Fig8){ref-type="fig"}). Both patients underwent our third-generation technique, and in the acetabulum side, case (a) had wide retention of the subchondral bone plate which was treated to be rough after reaming according to the surgical records. The radiographs showed that cement had penetrated into the cancellous bone as the initial interlock in case (b), whereas the cement--bone interface was relatively clear in case (a) immediately after surgery (Fig. [8](#Fig8){ref-type="fig"}). Eftekher and Tzitzikalakis \[[@CR20]\] and Kobayashi et al. \[[@CR21], [@CR22]\] reported that retention of the subchondral bone plate with multiple holes drilled in it was important during acetabular preparation. However, Flivik et al. \[[@CR23]\] demonstrated that removing the subchondral bone plate improved the cement--bone interface without jeopardizing the initial stability and implied better long-term cup survival. We theoretically agree with removing the subchondral bone plate; however, in reality, it appears that perfect removal is impossible without degradation of the bone bed. Therefore, we perforate the thick and sclerotic bone plate to get anchoring holes \[[@CR24]\] and additionally try to use the interface bioactive bone cement technique to achieve an enduring physicochemical bond by interposing osteoconductive crystal hydroxyapatite granules at the cement--bone interface \[[@CR25], [@CR26]\] for cases with wide retention of the subchondral bone plate after reaming.Fig. 8Radiographs of the continuous clear zone in case (a) and no clear zone in case (b) at 4 years after THA

In conclusion, second- and third-generation techniques showed excellent outcomes for the femoral components. The CZ scores at 5 years indicated that third-generation techniques were effective in the acetabular side and may produce better long-term results than second-generation techniques, but further improvements are required in the preparation of the bone bed.
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